Membrane distillation (MD) has great potentials to treat produced water in energy industries. However, volatile organic compounds (VOCs) existing in the produced water added in the fracking process can hinder the treatment process regarding two aspects: permeate quality and MD flux performance. To address this challenge, this study aims to systematically study the effects of the VOCs on the MD permeation performance and permeate quality, and the mechanism of its penetration. Acetic acid, ethylene glycol, isopropyl alcohol (IPA), and 2-Butoxyethanol (2-BE), which are commonly found in the produced water, were extensively investigated and their impacts were reviewed and compared.
Introduction
Coal seam gas (CSG, coal bed methane) unconventional natural gas resources stored in coal seam layers at a depth of 300-1000 m while shale gas is usually buried beyond 1,500 m [1] . Fast replacing coals and conventional natural gas, CSG has been developed into one of most important energy resources for Australian economies (especially for Queensland), which is being greatly exported as liquefied natural gas (LNG) to Asian countries. Similarly, the unconventional gas has become an important energy source in the United States, Canada, and some other countries as well. Although these gas is considered as a relatively "greener" resource as it produced much less carbon dioxide after burning, the processes of gas exploration still pose great risks on the local ecological system. One of the biggest challenges is produced water management [1, 2] . To mine the gas out of the coal bed, large amounts of water is required to be removed from the coal to reduce the hydrostatic pressure. Formation water, flow back water, and water condensing from the gas phase compose produced water. Formation water is the major contributor to the produced water, naturally occurring and being stored in oil and gas reservoirs. The water is often of brackish to saline quality [1, 3] .
Management of the produced water is a major challenge in energy industry due to its large amounts, complex chemical compositions, and limited disposal options. In Australia, direct reinjection of the produced water back into the deep underground well is banned, a technique commonly practiced in the United States [4] . Therefore, currently most Australian exploration companies applied reverse osmosis (RO) on site to treat the produced water. The permeate water of RO is sold to local residents for irrigation [4, 5] . However, RO is not efficient to treat concentrated salty water, so still large amounts of brine could only be stored in the onsite evaporation ponds as short or medium term solution.
Membrane distillation (MD) has strong potentials to further treat the brine or produced water as salt concentration in the feed had minimal effects on its flux performance. Around 95% recovery of RO brine from the gas produced water had been achieved through the RO-MD hybrid system [6] [7] [8] .
Regarding salt removal, the quality of the permeate was decent as MD has theoretically 100% rejection rate for non-volatile solutes [9] . Also, the flux performance is less affected by the salinity of the feed.
In terms of energy consumption, MD was found to be more efficient than the business-as-usual strategy (BAU) for treatment of the produced water. Tavakkoli found that the operation cost of MD was roughly half of the BAU strategies when low-grade heat was available [10] . However, MD had degraded permeate quality when treating wastewater containing VOCs, dissolved gas, or some small organic particles [11] . Especially, when the VOCs are alcohol or having surfactant properties, membrane wetting will occur and lead to further deterioration of the permeate quality as the feed water can pass through the membrane directly via the wetted pores [11] [12] [13] . Recently, some researchers studied the effect of the surfactant and oil existed in the produced water on the water recovery via MD and found that they had strong negative impact on the permeation flux and permeate quality [12, 14] . However, none of researches have investigated the effect of VOCs in the produced water on the MD performance, which may share similar effects as the surfactant and oil.
It has been found that the compositions of the gas produced water are highly dependent on the geology [15] . In some mining wells, high concentrations of the volatile organic compounds (VOCs), mainly acetic acid, had been found in the produced water [16] ; also, the produced water could contain large quantities of VOCs which had been artificially added into the pumping fluids for fracking, especially during initial stage of the mining [15] . A concentration of 1,600 mg/L acetic acids had been detected in the flow-back water in some wells [17] . The concentration of the VOC in the RO brine can be further increased. Therefore, 2,000 ppm was selected as the baseline concentration for all the VOCs tested in this study to explore their maximum potential impacts. Those VOCs can hinder the MD process regarding permeate quality and water permeation performance [18] . To address this challenge, this study aims to systematically study the effects of commonly found VOCs in the produced water and their mechanism of the membrane penetration. Here, acetic acid, ethylene glycol, isopropyl alcohol (IPA), and 2-Butoxyethanol (2-BE), which are commonly used in the fracking fluids or naturally occurring [15] , had been extensively investigated regarding their roles in MD. A fundamental understanding of the effects of VOCs on water recovery from gas produced water via MD can help new membrane and system design, which can further promote the realization of its potential in the application.
Material and methods

Materials
Acetic acid was purchased from Chem-supply, Australia. IPA was bought from Merck group, Germany while 2-BE and ethylene glycol were obtained from Sigma-Aldrich, USA. All the VOCs were used as received and their properties are displayed in Table 1 . To explore the maximum potential impacts by high concentrations of VOCs in the produced water, 2,000 ppm of the tested VOC was added into deionized (DI) water and the solution was stirred for 15 mins before MD experiment, individually. A second set of experiments using 50 ppm for each VOC was conducted to explore their effects on permeate quality in more general scenarios. Various chemicals were purchased for the preparation of synthetic CSG RO brine water. Sodium chloride (NaCl) was purchased from Ajax Finechem, Australia. Potassium chloride (KCl) and sodium silicate (Na2SiO3) solution were received from Chem-supply, Australia. Magnesium chloride (MgCl2), calcium chloride (CaCl2), sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3), and sodium sulphate decahydrate (Na2SO4·10H2O) were purchased from Sigma Aldrich, USA. All the chemicals were used as received. Composition of the synthetic CSG RO brine is illustrated in Table 1 .
Vacuum membrane distillation (VMD) configuration
Vacuum MD (VMD) was used in the study due to its higher thermal efficiency [19] . Polyvinylidene fluoride (PVDF) hollow fiber (HF) membrane was manufactured and provided by Econity, Republic of Korea. The HF membranes had inside and outside diameters of 0.77 mm and 1.3 mm, respectively.
Mean pore size, liquid entry pressure, and porosity of the membranes were 0.1 µm, 2.3 bar, and 63%, respectively. The HF membranes were used as received without any modification and treatment.
Thirteen such HF membranes with length of 0.2 m were used to make membrane modules for a total surface area of 0.0106 m 2 , which was placed in the VMD set-up illustrated in Fig. 1 . The membrane modules had an internal diameter of 8 mm.
Fig. 1 Schematic diagram of vacuum membrane distillation in this study
We conducted VMD process with various parameters to optimize the system (see Supplementary Information for preliminary results). In the VMD experiments, feed flow rate was maintained at 400 
, where J is the permeate flux [Lm -2 h -1 ], ΔM is the mass of collected permeate [kg] , is the density of permeate water (assumed to be 1 kg/L), A is the total surface area of the membrane (0.0106 m 2 in this study), and t is operation duration [h] . The salt rejection, R, is given in Eq. (2):
, 
Characterizations
Total organic carbon (TOC) was measured using a high-performance TOC analyzer (multi N/C3100®) which was purchased from Analytikjena, Germany. Attenuated total reflection-fourier transform infrared spectroscopy (ATR-FTIR) (IRAffinity-1 with MIRacle 10) was purchased from Shimadzu, Japan, which had penetration depths from 1.2 to 2.4 μm for detection spectrum from 2000 to 4000 cm -1 . It was used to investigate the mechanism of VOC movements through the HF membranes by measuring the shell and lumen sides of the used membranes. Each spectrum was obtained with signal averaging 32 scans at a resolution of 4 cm -1 in transfer mode by pressing the sample with KBr to a pellet [13] . Contact angles of the virgin and used HF membranes were measured by Theta Lite 100 (Attension) using a sessile drop method [20, 21] . A water droplet around 5 µl was released from a needle tip onto the flatted HF membrane surface. A motion camera was mounted to capture the videos at a rate of 12 frames per second. Using the Theta Lite software, contact angles were analyzed automatically. Each set of HF membrane samples were measured for three times and the average value of them was taken. To determine the effects of the VOCs on the VMD flux performance, 2-BE was first selected as a representative VOC to be added into the synthetic produced water for comparison because it was widely applied in the industries and has attracted lots of academic interests for its effect on the local ecological systems [2, 15, 16] . The features of the VMD setup caused some relatively big errors of the flux in various hours (Fig. 2) . Due to the adhesion between liquid water and tube lines, the condensed vapour sometimes is temporarily stuck in the pipelines, waiting to be discharged into the permeate tank altogether when more of it has been accumulated. Nevertheless, we can still confidently observe the trend of flux showing that the addition of 2-BE into the synthetic water increases the average flux of VMD from 2.9 to 3.3 LMH in 24 h operation, which was due to the mass transport of 2-BE. Also, a decline in flux when treating produced water containing 2-BE was observed, which could be caused by the partial pore wetting [18] . Its mechanism will be discussed in the later sections. Addition of 2-BE into the synthetic produced water contributed to the increase in the overall permeation flux and its gradual declining trend, which was consistent with the result when 2-BE was added into the DI water as feed. The declining trend of flux was not observed when treating feed without 2-BE regardless of using DI or synthetic produced water as feed.
Concentrations of the feed and the permeate were measured before and after the VMD process, and it was found that a salt rejection of 99.99% was achieved regardless of the presence of 2-BE in the feed.
Meanwhile, after treating synthetic produced water with 2-BE via VMD, a very high concentration of 2-BE could be found in the permeate, reaching 3,260 ppm, which was much higher than the initial concentration of 2,000 ppm in the feed. The high mobility of 2-BE was reported in previous study concerning the impact of the fracking process on local ecological system, where it was used as a surfactant and active solvent [16] . However, it was still unexpected that 2-BE severely penetrated the membrane in VMD process considering that it had much lower vapour pressure than water (0. 
Comparison of flux using various VOCs as feed Fig.3 Effects of various volatile organic compounds on flux when treating de-ionized water
Various popular VOCs used in fracking process namely acetic acid, 2-BE, ethylene glycol and IPA, had been investigated regarding their effects on the VMD flux performance. Fig. 3 shows that the addition of VOCs in the DI water, except ethylene glycol, led to an obvious increase in the average flux. The increase of the flux after the injection of IPA into the feed can be explained by the increase of partial pressures [22] . Similarly, addition of ethylene glycol into feed led to the lowest VMD performance because of its extremely low vapour pressure [23] . However, among all the tested VOCs, feed with acetic acid had the highest average flux although acetic acid had much lower vapour pressure than IPA; its vapour pressure is even lower than water. Also, 2-BE, which had the second lowest vapour pressure among all, shows impressive mobility in this study. It has the highest initial flux and the second highest average flux for 24 h operation. IPA was expected to result in the highest flux increase as it had highest vapour pressure; however, it was outperformed by acetic acid and 2-BE, both having even lower vapour pressures than water. Therefore, the high flux of VMD treating feed water containing acetic acid and 2-BE indicated that there were some characteristics of VOC, other than boiling temperature, surface tension, and vapour pressure, contributing to their high mobility in VMD. Some researchers discussed about the mechanism of "adsorption-desorption" for some organic chemicals with hydroxyl and carboxylic group [24, 25] when trying to explain the movement of certain types of organic compounds from feed to permeate side without membrane wetting occurring. This mechanism could explain the high mobility of 2-BE and acetic acid. It is also worth noting that only the addition of 2-BE into DI water caused obvious decline in the VMD flux.
Another series of VMD experiments with same concentrations of VOCs had been conducted, only replacing DI water with 1.0% NaCl as feed base. Nearly identical flux and VOCs mass transfer could be found after 24 h operation, and salt rejection of the VMD experiments was found to be 99.99%, indicating that the membrane pores were not wetted during the processes (Table S1 ). To confirm the mass transport of VOCs which led to increase in flux for feed containing VOCs, measurement of feed and permeate concentration of VOCs had been carried out individually at various water recovery rates. Fig. 4A shows that concentrations of various VOCs (except ethylene glycol) in permeate solution increased when the water recovery increased, while only the concentrations of 2-BE decreased in the feed solution (Fig. 4B) . Owing to its higher boiling point, surface tension, and lowest log P, there was no mass transfer of ethylene glycol through the membrane during MD process as its concentration in the permeate was maintained ignorable while the one in the feed doubled. IPA and B A acetic acid shared similar mass transfer rate. Concentration of acetic acid was slightly higher in permeate than IPA although acetic acid had much lower vapour pressure. 2-BE had very different trends of concentration from the other VOCs. 2-BE concentrations in feed decreased rapidly during the VMD process (Fig. 4B) . When water recovery reached 50%, the 2-BE concentrations in permeate (3,240 ppm) exceeded the initial feed concentration (2,000 ppm), which meant that the mobility of 2-BE was much higher than water in the MD process even though it had higher boiling temperature and lower vapour pressure. The "adsorption-desorption" mechanism might play an important role in the phenomenon, which involved the strong hydrogen bond between the 2-BE and water molecules. The mechanism of the VOCs' behavior would be further discussed in the later sections of this paper.
Mass transfer of VOC from feed to permeate
To determine the permeate quality of MD-treated produced water, a more general concentration of VOC in the produced water were introduced. 50 ppm concentration of each VOC had been added into the feed for comparison of the change of the concentrations in both feed and permeate solution. A similar pattern of the changes could be observed in Fig. 5 . Compared with the patterns using high concentration of VOCs, a decrease in the mass transfer rate of VOCs could be observed, which might be caused by a decreased partial pressure. However, the concentration of acetic acid, IPA, and 2-BE in the permeate is still too high to be used as drinking water. A post-treatment is then required the reduce the TOC of the permeate water. peak in the range of 3200-3600 cm -1 appeared, which were H-bounded OH in stretching mode. It represented the liquid water [12, 27] . Because of strong surfactant properties of 2-BE, the surface tension of the feed solution decreased remarkably, leading to partial pore wetting on the membrane shell side. [26, 28] . It explained that the feed containing 2-BE had decreasing flux performance in VMD although the salt rejection was maintained high. Fig. 6B shows the FTIR analysis of the lumen side of the operated HF membranes, indicating that higher amounts of acetic acid and 2-BE than IPA were trapped in the membrane pores at lumen side, while all three samples that treated the VOCs show deeper peak in the range of 3500 to 3700 cm -1 than the one had treated DI water. Broad peaks in the range of 3200-3600 cm -1 did not appear in the lumen side of the HF sample that had treated feed containing 2-BE, indicating that the liquid water had not reached the lumen side of the membrane after 24 h operation yet [12] .
Fig. 6 FTIR analysis of membranes after 24 h operation: (A) shell side (feed) (B) lumen side (permeate)
The fast wetting of membranes did not occur when VOCs were added into the feed ( Fig. 6 and Table   S2 ) because a very high concentration (>5 wt%) of them (except 2-BE) are required to significantly reduce the surface tension of water mixtures and hence LEP of the membrane [29] . 2-BE, as a nonionic surfactant, is able to reduce the surface tension of the mixtures more effectively. However, the strength of its surfactant properties is much weaker than the common long-chain surfactants (e.g.
Tween 20)
. The critical mole fraction of 2-BE is around 0.0131 at 55 o C [30] , which is much higher than the used mole friction in this study. Also, the fast mass transfer of the 2-BE on the membrane surface further decreased its effects on the reduction of LEP although partial wetting started to occur during the VMD process. Considering the relatively low concentration of VOCs used in this study, we can confidently address that the added VOCs had limited effects on the surface tension and hence liquid entry pressure.
Contact angle
Contact angle was measured to investigate the effect of the VOCs on the HF membrane. Fig. 7 shows that after treating DI water, or ethylene glycol, the contact angle of the HF membranes hardly changed.
After treating acetic acid and IPA, the contact angle of the membranes decreased slightly due to their weak surfactant properties, as some traces of the VOCs started to adhere on the membrane surface. On
A B
free hydroxyl (OH) bonds stretching H-bounded OH stretching free hydroxyl (OH) bonds stretching the other hand, treating feed with 2-BE could result in significant decrease in contact angle of the HF membranes (10%) owing to its relatively strong surfactant properties and partial pore wetting on the membrane surface [15] .
Fig. 7 Contact angle of membranes after treating various VOCs for 24 h in VMD
Long-term operation performance with feed containing 2-BE
Flux
Surfactants in the feed water were found to cause membrane wetting rapidly [12, 14] . When treating the feed that contained 2-BE for 24 h, partial pore wetting appeared as the flux started to decline (Fig.   2) . Therefore, a complete pore wetting was expected in long-term operation. The same VMD setup was implemented for the long-term operation study. The setup was kept running for 72 h to treat 2 L synthetic produced water containing 2,000 ppm of 2-BE. Every 24 h the permeate container vessel was emptied and new 2L synthetic produced water with 2,000 ppm 2-BE was filled into the feed container (water recovery < 60%), and we recorded the flux only when the feed temperature became stabilized at 70 o after replacing the feed. Fig. 8 shows that the flux had a gradual decreasing trend during 72 h VMD operation. It was caused by the decrease in 2-BE concentration in the feed and partial pore wetting of the HF membranes as the existence of the salts had minimal effect on the decrease in the flux (Fig. 2) .
It was worth noting that after the feed concentration was increased back to 2,000 ppm after 24 h operation, the flux recovered to some extent although it was still lower than the initial flux. This proved that the decrease in flux over time was caused by the decrease of 2-BE concentration in the feed. After 72 h operation, salt rejection of VMD dropped to 99.97%, which meant that complete pore wetting started to appear as average flux was decreasing comparing three periods of 24 h operation [12, 31] .
Further measurement was carried out to confirm the status of the pore wetting, which was illustrated in next section. A previous report recorded decreased flux when complete pore wetting occurred while some others observed increased flux [32] . The use of membranes with smaller mean pore sizes is assumed to cause the decreased flux when wetting occurring. In this study, a membrane with a small pore size is used (0.1 µm), which leads to a much higher resistance between the liquid water and membrane matrix. So when wetting occurs, these liquid will block the pathway of the vapour, decreasing the total water flux. In a recent study, the authors used a membrane with average pore size below 0.2 µm in MD, and they found the flux started to decline when wetting induced [32] . 
Penetration of 2-BE and water through the membrane
FTIR measurement was conducted on both shell and lumen sides of the HF membranes that had treated the feed containing 2-BE for 72 h. Compared with membrane that treated the same feed for 24 h, a deeper broad peak in the range of 3200-3600 cm -1 could be observed on the membrane shell side, which meant that more severe pore wetting occurred as more liquid water had penetrated the membrane surface and remained inside of the pores (Fig. 9A) [12, 33] . Moreover, an analysis on the lumen side shows that the liquid water has further travelled and reached the inner layers of the HF membranes (Fig. 9B) .
This indicated that complete pore wetting started to occur as salt rejection was dropping as well. 
Contact angle
A contact angle measurement was conducted on the HF membranes after 72 h VMD operation. The existence of minerals in the synthetic produced water had insignificant effect on the contact angle as a marginal decrease from 104.7 o to 104.1 o was noticed after 24 h operation (Fig. 10) . Table 2 shows that the effects of 2-BE as a surfactant on MD performance regarding wetting is very different from the effects of common long-chain surfactant in the literature. The complete pore wetting occurred in a much slower pace even when the 2-BE had a larger concentration than the others.
Hydrophile-lipophile balance (HLB) is considered as one of main factor affecting membrane wetting rate [12, 31] . Generally, the lower HLB leads to a faster wetting rate. However, 2-BE, a volatile organic compound, had a low wetting rate with a relatively low HLB value of 16. The unique phenomenon is assumed to be as a result of its rapid transport through the membrane to the permeate side as fast increase in the concentration of 2-BE in the permeate side was observed. The mechanism of surfactants causing wettings through its interaction on the membrane surfaces has been extensively studied. However, a much slower wetting process and faster mass transfer through the membrane were noticed when 2-BE was added into the feed, which requires further investigations. It is noted that 2-BE is both a volatile organic compound and a surfactant, with the ability of forming strong hydrogen bonds with water molecules. The mechanism of its mass transfer is presented in next section, detailing its transfer process. 
Mechanism of penetration of VOCs
Like some small organic particle, the "adsorption-desorption" mechanism was considered as the cause of the high mobility of the VOCs. In Fig. 11 , 2-BE was selected to explain the mechanism for its noticeable characteristics affecting mass transfer of VOC in MD. Firstly, Fig. 11A shows that the hydrophobic head (usually an alkyl group of VOCs) of the 2-BE was attracted and attached on the surface of the hydrophobic membrane owing to their hydrophobic interactions (adsorption). Due to the highest log P of 2-BE among all the tested VOCs (Table 1) , more 2-BE molecules tends to be attached on the membrane surface in this stage, greatly improving its mobility. Then hydrogen bonds between 2-BE and water molecules were formed. The intra-molecular hydrogen bonds between water and 2-BE were very strong because 3 bonds could be formed (2-BE had two acceptors and one donor) [26] (Fig.   11B ). Fast mass transfer of 2-BE was achieved as it was "pushed" by the water molecules (Fig. 11C) , the hydrophobic interaction was lost during the movement (desorption). The "adsorption-desorption" process can be repeated which promote the further travel of the VOCs through the membrane pores.
Nevertheless, some 2-BE molecules would be trapped in the membrane pores due to its high molecule weight and boiling point.
At a smaller scale, Fig. 11D shows that partial pore wetting started to appear on the membrane surface pores due to the decrease of surface tension of feed solution, which was caused by the addition of relatively strong surfactant properties of 2-BE into the feed [12] . Also, by hydrogen bonding, some liquid water may be trapped inside of the membrane pores due to the engagement between the water molecule and large amounts of 2-BE previously remained in the pores. This mechanism applies to other
VOCs that have surfactant property and ability to form hydrogen bonds with water. Acetic acid has slightly stronger surfactant strength and ability to form hydrogen bonds than IPA, and this explained its higher mass transfer rate during VMD in this study even though acetic acid had much lower vapour pressure than IPA. Also, the surfactant strength of acetic acid was much lower than 2-BE, so partial pore wetting did not occur during 24 h operation. Banat and Al-Shannag found similar phenomenon when studying on the recovery of dilute acetone-butanol-ethanol solvents from the aqueous solution through MD. Although butanol had the biggest molecular weight and lowest vapour pressure among the three solvents, the flux of butanol was significantly higher than acetone and ethanol at the same conditions [35] . The mechanism of the fast penetration of butanol can be explained as above because butanol has strong surfactant properties and can form hydrogen bonds with water molecules.
Therefore, for mass transfer of the VOCs in MD system, strengths of surfactants properties and intramolecular hydrogen bonding with water molecules appear to be as important as the vapour pressure, which deserves further investigations. 
Conclusions
In this study, a series of experiments were conducted to systemically determine the impacts of various VOCs in the produced water on the VMD performance and membrane properties. Addition of 2-BE, acetic acid, and IPA into feed could increase the flux due to their mass transport. All the tested VOCs, except ethylene glycol, could easily penetrate the membranes as high concentrations of them were found in the permeate, without the occurrence of membrane wetting. High concentrations of the VOCs found in the permeate raised the concerns about pre-or post-treatment of VOCs for the MD system. It was unexpected that 2-BE had the highest mobility although it had the second lowest vapour pressure among the tested VOCs; the concentration of 2-BE was much higher in the permeate than in the feed after 24 h operation. Moreover, due to the strong surfactant property of 2-BE, liquid water was found in the pores of the membrane that had treated the feed containing 2-BE. Also, contact angle of the HF membranes was greatly decreased due to the existence of VOCs on the membranes surfaces and wetted pores. A longer operation time would see a further movement of the liquid water through the membranes, a progress from partial pore wetting to complete pore wetting, and the salt rejection hence dropped.
Therefore, this study concluded that the VOCs existing in the produced water could have strong impacts on the quality of the final permeate and MD performance. It was also found that the strengths of surfactant and intra-molecular hydrogen bonds between the water and the VOCs play an important role as the vapour pressure of the VOCs in MD operation in terms of their mass transfer. It explains that ethylene glycol, a VOC with no surfactant property, had no impact on MD performance and permeate quality, while 2-BE, a VOC with strong surfactant properties and capable of forming intra-molecular hydrogen bonds with water, had superior impacts on MD flux and permeate quality, although 2-BE and ethylene glycol share close boiling point. A further study regarding the removal of the VOCs by applying a pre-treatment process has been proposed to improve the long-term MD permeation performance, especially in terms of the permeate quality.
